Extracellular vesicles (EVs), including exosomes and microvesicles, are secreted from all cells, and convey messages between cells in health and disease. However, the diversity of EV subpopulations are only beginning to be explored. Since EVs have been implicated in tumor microenvironmental communication, we started to determine the diversity of EVs specifically in this tissue. To do this, we isolated EVs directly from patient melanoma metastatic tissues. Using EV membrane isolation and mass spectrometry analysis, we discovered enrichment of mitochondrial membrane proteins in the melanoma tissue-derived EVs, compared to nonmelanoma-derived EVs. Specifically, EVs positive for a combination of the two mitochondrial inner membrane proteins MT-CO2 (mitochondrial genome) and COX6c (nuclear genome) were detected in the plasma of melanoma patients, and in ovarian and breast cancer patients.
Introduction
Extracellular vesicles (EVs) are nano-sized (50-1000 nm in diameter) vesicles with a lipid bilayer membrane that play a significant role in mediating intercellular communication (1, 2) . They can do this by either activating surface receptors of recipient cells or by transferring cargo proteins (3), nucleic acids (4), or lipids (5) to recipient cells. The interest in EVs has expanded exponentially over the last five to ten years due to their ability to mediate diverse biological effects, and shuttle molecules between cells. EVs can be found in all body fluids, including blood (6) , urine (7) , ejaculate (8) , and breast milk (9) , and they are considered to carry signatures of the cells that produce them. This means that EVs have promising potential as diagnostic markers in disease, especially for cancers. Examples of diagnostic EV markers that have been proposed in cancer to date include glypican-1 protein (10), EpCAM protein (11) , KRAS-mutated DNA (12) , oncogenic mRNA (13) , and microRNAs (13) . However, most EV-based biomarker candidates have initially been identified in cell culture-derived EVs and might not be valid markers for actual human disease. Here, we isolate and characterize EVs directly from human melanoma metastatic tissues, with the hypothesis that this is an environment enriched in tumor-associated EVs.
Results
Isolation and characterization of EVs directly from tumor tissues. First, the existence of EVs in the interstitial space of a melanoma metastatic tissue was confirmed by electron microscopy of tumor tissue pieces (Fig. 1A) . Then, melanoma metastatic tissue-derived EVs were isolated using an ultracentrifugation-based protocol that is able to separate EV subpopulations; larger vesicles are isolated at lower speed (16,500 × g) and smaller vesicles at higher speed (118,000 × g).
These EV subpopulations were further characterized by electron microscopy and RNA profile analysis, and showed typical morphology and RNA profiles of the EV subpopulations. Larger vesicles were 100-200 nm in diameter ( Fig. 1B) and had an RNA profile comparable to microvesicles (MVs) (14) -a subpopulation of EVs that are considered to be produced by membrane budding -with the presence of 18S and 28S ribosomal RNA peaks and small RNAs ( Fig. 1D) . In contrast, smaller vesicles were 40-100 nm in diameter (Fig. 1C) and exhibited RNA profiles similar to exosomal RNA profiles (14) , without prominent ribosomal RNA peaks ( Fig. 1E ). However, proteomics studies showed that majority of proteins are common in both larger and smaller vesicles, although some proteins are unique in each vesicle (15, 16) . In addition, with current state of art isolation methods, each EV subpopulation are not possible to fully separate from each other. For these reasons, both larger and smaller vesicles were combined for further purification with an iodixanol density gradient, and subsequent proteomic experiments.
Identification of melanoma-enriched membrane proteins on EVs.
To compare the surface protein expression, EVs that were isolated from five human melanoma metastatic tissues (referred to as MeT1 to MeT5), three cell lines (HEK293T, TF1, and HMC1), and one primary cell (mesenchymal stem cells, MSCs) were treated with high pH solution (200 mM sodium carbonate, pH 12) in order to open the membrane structure as described previously (17) . The high pH-treated membranes were isolated with an iodixanol density gradient after a high salt (1 M KCl) treatment to remove proteins that are ionically bound to the membrane. After this treatment, removal of dark pigment from pigmented melanoma EVs was clearly observed (Fig.   S1 ). The proteins in these membrane-enriched samples were analyzed by mass spectrometry. In   5   total, 2592, 2862, 3461, 2239, 2750, 3577, 2096, 3521, and 1339 proteins were identified from   MeT1-, MeT2-, MeT3-, MeT4-, MeT5-, HEK293T-, MSC-, TF1-, and HMC1-EVs, respectively. The identified proteins from different sources overlapped well with the EV proteome database EVpedia (18) (Fig. S2A ). The overlapping percentages for MeT1-, MeT2-, MeT3-, MeT4-, MeT5-, HEK293T-, MSC-, TF1-, and HMC1-EVs were 74%, 79%, 77%, 84%, 76%, 79%, 94%, 83%, and 94%, respectively. These were all significantly higher than randomly selected proteins from the human proteome (38 ± 1.7%) ( Fig.S2B) . Similarly, 23.6% and 49.5% of proteins were uniquely found in EVs isolated from human and mice brain, respectively, compared with current EV proteome databases (19) , suggesting that tissue-derived EVs were different from cell culturederived EVs. In addition, classical EV marker proteins such as CD9, CD81, CD63, Syntenin-1, and Flotillins (20) were detected in all EVs with similar abundance, with few exceptions (Fig.   S3 ). These results suggest that EVs from tumor tissues are indeed EVs rather than necrotic particles or artifacts of the isolation procedure.
Only membrane proteins that are annotated in the Uniprot database (21) were selected and compared to determine the common surface protein profiles of five different EV populations from melanoma metastatic tissues ( Fig. 2A ). Interestingly, membrane proteins from five MeT-EVs were distinct from those from non-melanoma-EVs ( Fig. S4 ). In total, 1004 proteins that were identified in at least four MeT-EVs were selected for further analysis. In addition, 1422 membrane proteins that were identified in at least one of non-melanoma-derived EVs (HKE293T-, MSC-, TF1-, and HMC1-EVs) were selected and compared with membrane proteins from MeT-EVs to find unique membrane proteins on MeT-EVs. One hundred and thirty-six proteins were selected as melanoma-specific surface proteins, as they were not detected in the other EV membrane isolates (Fig. 2B ). In addition, 582 proteins were selected among the 6 868 common proteins, because these proteins were 10-fold higher in abundance in the MeT-EVs compared to non-melanoma-derived EVs (Fig. 2B ). To increase the confidence of the identification of melanoma specific molecules, the relative abundance of selected surface proteins was taken into account. Finally, 236 proteins that were highly abundant in all 5 MeT-EVs were selected as melanoma-specific surface molecules. (Dataset S1). Surprisingly, the percentage of endoplasmic reticulum and mitochondrial membrane proteins in candidates was higher than 25 percent (Fig. 2C ). In general, the proportion of mitochondrial membrane proteins (6.9 ± 7.9%) were lower than plasma membranes (74.9 ± 13.2%) when the membrane proteins were analyzed from previous proteomic studies (43 datasets from EVpedia) ( Fig. S5 ). Therefore, we focused on the mitochondrial membrane proteins for the further analysis. The relative abundance and the identification count on EVpedia of mitochondrial proteins were plotted ( Fig.   2D ). COX6c, SLC25A22, and MT-CO2 -all of which are mitochondrial inner membrane proteins -were selected for validation and tested for their presence in tumor tissue and cancer patient circulation, because they were relatively highly abundant and less commonly identified in other EV proteomic studies ( Fig. 2D ). These three proteins were highly expressed in melanoma metastatic tissue-derived EVs compared to non-melanoma-derived EVs ( Fig. 2E -G). In addition to mitochondrial membrane proteins, HLA-DR (a plasma membrane protein) and Erlin2 (an endoplasmic reticulum membrane protein) were also highly expressed in melanoma metastatic tissue-derived EVs (Fig. S6 ).
Existence of mitochondrial proteins on exosomes.
It is known that cancer cells are metabolically active and have enhanced mitochondrial biogenesis (22) . However, mitochondrial genomes are reduced in many cancers, which is considered to support tumor progression (23, 24) . Furthermore, whole mitochondria can be transferred between cells in disease conditions such as cancer (25) , stroke (26) , and lung injury (27) , but the details on the mechanism of transfer remains elusive. Recently, MVs from MSCs, a subpopulation of EVs secreted by membrane budding, were reported to contain some mitochondrial components, including proteins and mtDNA (28) . These findings suggest that mitochondrial components are secreted from the cells in the form of EVs. However, it is still unknown whether mitochondrial proteins are secreted as exosomes (EXOs), a subpopulation of EVs secreted by an endocytic pathway. To test this, EXOs were isolated from the MML1 and HMC1 cell lines by differential centrifugation coupled with an iodixanol density gradient. The mitochondrial protein MT-CO2, which is translated from the mitochondrial genome (29) , was detected in the same density gradient fractions where the exosomal marker CD81 ( Fig. S7 A and B) and most of the EVs are present ( Fig. S7 C and D) .
Surface expression of MT-CO2 as well as the exosomal markers CD9 and CD81 was detected in EXOs isolated from MML1 cells (MML1-EXOs) ( Fig. S7E ) and HMC1 cells (HMC1-EXOs) ( Fig. S7F ). However, its expression was higher in MML1-EXOs compared with HMC1-EXOs ( Fig. S7G ), which was consistent with our initial result ( Fig. 2G ).
EXOs that contain MT-CO2 (MTCO2-EXOs) were further isolated from EV isolates, and their protein profile was determined by mass spectrometry. EXOs that contain FACL4 (FACL4-EXOs), another mitochondrial membrane protein but translated from the nuclear genome, were used as an additional control. In total, 449, 646, and 839 proteins were identified from EXOs, FACL4-EXOs, and MTCO2-EXOs, respectively (Dataset S2). Venn diagram analysis showed that 410 proteins were common for all three groups, and 179 proteins were uniquely identified in MTCO2-EXOs ( Fig. 3A ). Heatmap analysis based on the relative abundance revealed that each sample has a distinct proteome profile (Fig. 3B ), and these proteins were categorized into the 8 following five clusters: 'Common', 'Mito-EXOs excluded', 'FACL4-EXOs enriched', 'FACL4/MTCO2-EXOs enriched', and 'MTCO2-EXOs enriched'. Importantly, most of the classical marker proteins such as tetraspannins, TSG101, Alix, Annexins, and Flotillins were present in all three EXO populations (Dataset S3), implying that there may be a crosstalk between mitochondria and the exosome biogenesis pathways. Further, gene ontology analysis showed that FACL4-EXOs and MTCO2-EXOs clusters were enriched with proteins involved in metabolic processes (Fig. 3C ). In addition, protein-protein interaction networks showed that mitochondrial proteins, including ATP synthase subunits in the EVs were interrelated to each other ( Fig. S8 ), and the activity of ATP synthase was higher in MTCO2-EXOs compared to EXOs (Fig. 3D ). These results suggest that subpopulations of EVs, including both MVs and EXOs, contain active forms of mitochondrial proteins.
Detection of mitochondrial extracellular vesicles in patient plasma.
We have shown that mitochondrial proteins are present on the surface of the subpopulations of EVs and are more abundant in melanoma-derived EVs. Finally, to test whether EVs with mitochondrial membrane proteins leak out to the circulation of cancer patients, we developed a sandwich ELISA detection system with MT-CO2 and COX6c antibodies ( Fig. 4A ). This sandwich ELISA was first tested with purified EVs from melanoma tissues and cell lines. High luminescence signals were observed only in melanoma tissue-derived EVs (Fig. 4B ), which is in line with our proteomics and direct ELISA results ( Fig. 2E -G). Because both MT-CO2 and COX6c are membrane proteins, we hypothesized that the luminescent signal seen in our sandwich ELISA system is indeed associated with membrane structures such as EVs. To further test this hypothesis, we measured the presence of these markers directly in plasma from melanoma patients without any 9 preceding EV isolation. We detected significantly higher levels of combined MT-CO2 and COX6c in plasma of melanoma patients compared with healthy controls (p = 0.0038) ( Fig. 4C ).
To test whether this increased concentration of MT-CO2/COX6c positive EVs is specific for melanoma, we applied the same assay to plasma from ovarian and breast cancer patients. To our surprise, the concentration of MT-CO2/COX6c was increased in the plasma of both patients with ovarian (p = 0.0220) ( Fig. 4D ) and breast cancer (p = 0.0408) ( Fig. 4E) , with significant differences vs healthy controls observed. However, there were no significant differences in the concentration of these EVs between patients with malignant or benign ovarian cysts, because those with the benign disease also had significant increase of MT-CO2/COX6c EVs (data not shown). Overall, these findings suggest that mitochondrial proteins on EVs are released in several malignant diseases of different cellular origin, including melanoma, ovarian cancer, and breast cancer. Further exploration of the presence of mitochondria-derived EVs in other types of tumors, both malignant and benign, is warranted.
Discussion
Liquid biopsy is a powerful method to detect or monitor disease states, especially for cancer, from body fluids such as blood or urine, as it is giving noninvasiveness and better snapshot of heterogeneity of tumor tissues (30) . Recently, EVs have been focused for advantageous materials over the current circulating cells and DNA. EVs modulate the tumor progression (31), metastasis (32) , and angiogenesis (5) by shuttling their cargo that reflect their parental cell status. Those
EVs are secreted into the interstitial space of tissues, and sometimes can leak and accumulate in the circulation, which makes them potential circulating biomarkers. Numerous studies have been attempted to find EV-based protein biomarkers from body fluids of patients including blood or urine. However, there are many of non-cancer-derived EVs in circulation and they may have hindered successful identification of markers. Here, we hypothesized that tumor interstitial space is full of tumor-derived EVs. Isolating EVs from tissues has been reported from mouse brain (33) , but our study is the first study isolating EVs from human patient tumor tissues. In addition, we have applied the membrane proteomics to identify the surface markers. Membrane proteins have been focused intensively since they are entry or exit of cellular signals, which making them important druggable targets as well as surface markers (34) . Although EVs are known to be enriched with membrane proteins, more than 60% of identified proteins are non-membrane proteins according to EVpedia (18) . By applying membrane proteomics, many of membrane proteins were newly identified from our study.
Interestingly, our study describes that melanoma tissue-derived EVs were enriched with mitochondrial membrane proteins, compared with non-melanoma-derived EVs. Furthermore, our study shows that subpopulation of EXOs contain mitochondrial components and have a distinct protein profile. The release of mitochondrial components to the extracellular space could be related with enhanced mitochondrial function in cancer, since mitochondria is closely connected with cancer in terms of progression, signaling, and survival (23, 24) . It has been discovered that mitochondria secret the vesicles inside of cells. The fate of these vesicles is either fusing with lysosome to undergone a degradation pathway (35) or fusing with ER-derived pre-peroxisomes to generate the peroxisomes (36) . However, secretion to extracellular space or fusion with exosomal pathway of those mitochondrial vesicles has not been described. This is interesting because current state of art of EV biogenesis does not elucidate the connection with mitochondria. Elucidating the in-depth mechanism how mitochondria and EV biogenesis pathway are interconnected is required in future to fully understand biogenesis of EVs.
We have found not only mitochondrial membrane proteins, but also many of other membrane proteins, from different cellular compartments including plasma membrane and endoplasmic reticulum membrane, that could be another good biomarker candidates. For example, HLA-DR, which is a plasma membrane protein and was in our biomarker candidates, was used to predict response to anti-PD1/PD-L1 therapy by detecting HLA-DR on melanoma tissue (37) . In addition, an endoplasmic reticulum membrane protein, Erlin-2, is related with survival of breast cancer by modulating endoplasmic reticulum stress pathways (38) . The diagnostic potential of these proteins is needed to verify in future.
In summary, we have isolated EVs from melanoma metastatic tissues from human patients and analyzed their surface proteomes, detecting important differences between tissuederived EVs and classical cell line-derived EVs. Most importantly, mitochondrial membrane proteins were present at high levels in melanoma tissue-derived EVs, and can be detected in increased concentrations in the plasma of melanoma patients, but also in patients with ovarianor breast cancer. In addition, we found that certain subpopulations of EXOs harbor both active mitochondrial proteins and classical EV markers, which is a new paradigm in EV biology.
Materials and Methods
Human samples. Tissues from melanoma lymph node or skin metastases were obtained from patients during surgery and were preserved in complete cell media (without fetal bovine serum, FBS) at 4°C and were used to isolate EVs. A total of 20 ml of peripheral blood was collected from melanoma patients, breast cancer patients, and healthy controls in EDTA tubes. Plasma was obtained by centrifugation at 1880 × g for 10 min, followed by a second centrifugation at 2500 × g for 10 min. All centrifugations were performed at 4°C. The study was approved by the Regional Ethical Review Board at the University of Gothenburg (096-12), and all participants provided a written informed consent. Ovarian plasma was chosen from a previously described cohort collected between 2001 and 2010 (39) . Blood samples were collected after anesthesia bur before surgery. Six ml of blood were collected in EDTA vacutainers using standardized procedures, centrifuged and directly aliquoted into Eppendorf tubes, frozen and Pellets were resuspended in PBS. MVs and EXOs pellets were combined and further purified by an isopycnic centrifugation using an iodixanol gradient.
Iodixanol density gradient. EVs (MVs and EXOs) in PBS (1 ml) were mixed with 60%
iodixanol (3 ml) and laid on the bottom of an ultracentrifuge tube followed by addition of 30% iodixanol (4 ml) and then 10% iodixanol (3 ml). Samples were ultracentrifuged at 178,000 × g avg (SW 41 Ti, Beckman Coulter) for 2 h. EVs were collected from the interface between the 30% and 10% iodixanol layers. For the EXOs purification, pelleted EXOs (1 ml) were mixed with 60% iodixanol (3 ml) and laid on the bottom of an ultracentrifuge tube. A discontinuous iodixanol gradient (35%, 30%, 28%, 26%, 24%, 22%, and 20%; 1 ml each, but 2 ml for 22%) was overlaid.
Samples were ultracentrifuged at 178,000 × g avg (SW 41 Ti) for 16 h. EXOs were collected from the interface of the 20% and 22% iodixanol layers. Collected EVs or EXOs were diluted with PBS (up to 94 ml) and ultrancetrifuged at 118,000 × g avg (Type 45 Ti) for 3.5 h. The pelleted EVs and EXOs were resuspended in PBS.
Membrane isolation. Isolated EVs were incubated with 100 mM sodium carbonate solution (pH 12) for 1 h at room temperature with rotation. Potassium chloride solution (1 M) was added and further incubated for 1 h. Samples were subjected to iodixanol density gradient purification as described above for EVs, and membranes were collected from the interface between the 30% and 10% iodixanol layers.
Transmission electron microscopy. One melanoma metastatic tissue from lymph node was acquired during surgery, and the sample was dissected into small pieces. Samples were placed in 150 µm deep membrane carriers (Leica Microsystems, Bensheim, Germany) that was filled with 20% BSA in PBS and high pressure frozen using an EMPactI (Leica Microsystems). A rapid freeze substitution protocol using 2% uranyl acetate (from a 20% methanolic stock solution) in dehydrated acetone for 1 h was then applied (41, 42) . The temperature was increased by 3°C/hour to -50°C where samples stayed for the remainder of the protocol, including polymerization. Samples were washed two times with dehydrated acetone before starting infiltration with increasing concentrations of HM20 (3:1, 2:1, 1:1, 1:2, 1:3 acetone:HM20 for 2-3 hours each), followed with 3 changes with HM20 (2 h each and once overnight). Samples were polymerized in UV light for 48 h. Thin sections (70 nm) were cut and contrasted with 2% uranyl acetate in 25% ethanol (4 min) and Reynold's lead citrate (2 min). For analysis of EVs, a drop (10 µl) of isolated EVs was placed on 200-mesh formvar/carbon copper grids (Ted Pella, Redding, CA) for 5 min and stained with UranyLess (EMS, Fort Washington, PA) for 1 min.
Images were obtained using a LEO 912AB Omega 120 kV electron microscope (Carl Zeiss SMT, Mainz, Germany). Digital image files were acquired with a Veleta CCD camera (Olympus-SiS, Münster, Germany).
RNA isolation and detection. RNA was isolated from melanoma metastases-derived EVs (larger and smaller vesicles) using the miRCURY TM RNA Isolation Kit (Exiqon, Vedbaek, Denmark) according to the manufacturer's protocol. EV RNA profiles were analyzed using capillary electrophoresis (Agilent RNA 6000 Nano Kit on an Agilent 2100 Bioanalyzer, Agilent Technologies, Palo Alto, CA). A total of 1 µl of RNA was analyzed according to the manufacturer's protocol as previously described (43) . Particle measurement. The numbers of particles from the iodixanol density gradients were measured using ZetaView ® PMX110 (Particle Metrix, Diessen, Germany). The chamber temperature was automatically measured and integrated into the calculation, and the sensitivity of the camera was set to 80. Data were analyzed using the ZetaView ® analysis software version 8.2.30.1 with a minimum size of 5, a maximum size of 5000, and a minimum brightness of 20.
Samples were measured in triplicate.
ELISA.
For the direct ELISA, EVs were coated on 96-well plates overnight at 4°C. Plates were blocked with 1% BSA in PBS for 1 h and incubated with anti-CD9 (BD Biosciences, San Jose, CA, 555370), anti-CD81, anti-COX6c (Santa Cruz Biotechnology, sc390414), anti-SLC25A22 (Thermo Fisher Scientific, PA5-29181), or anti-MT-CO2 antibodies for 2 h. After washing, the appropriate secondary antibodies with HRP were added. The reaction was initiated by adding TMB substrate solution, terminated by 2M H 2 SO 4 , and the optical density was measured at a wavelength of 450 nm. For the sandwich ELISA, MT-CO2 antibody was coated on black 96well plates overnight at 4°C. The MT-CO2 antibody was purified on a protein G column prior to use to remove the carrier proteins. Plates were blocked with 1% BSA in PBS for 1 h. EVs or body fluids were added to the wells and incubated for 2 h at room temperature. A total of 50 µl of blood plasma from patients was used. After washing, COX6c antibody was incubated for 1 h and then HRP-conjugated anti-mouse antibody was incubated for 1 h. Luminescent signal was obtained with the BM Chemiluminescence ELISA Substrate (BD Biosciences).
Isolation of EXOs containing MT-CO2 or FACL4. Antibodies against MT-CO2 or FACL4
(Abcam, ab155282) were conjugated to magnetic beads with the Dynabeads ® Antibody Coupling Kit (Thermo Fisher Scientific) following the manufacturer's instructions. Iodxianol-purified EXOs were incubated with anti-MT-CO2 or anti-FACL4 antibody-conjugated magnetic beads for 2 h at room temperature with rotation. Unbound EXOs were removed and washed with PBS.
Bound EXOs were eluted with acidic washing buffer (10 mM HEPES, 10 mM 2-(N-morpholino) ethanesulfonic acid, 120 mM NaCl, 0.5 mM MgCl 2 , 0.9 mM CaCl 2 , pH 5) for 10 min. 
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